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As in other parts of the central nervous system (CNS) of the mouse, glutamatergic
synapses onto dopamine (DA) neurons in the ventral tegmental area (VTA) mature
postnatally. At birth many AMPA receptors (AMPARs) lack GluA2R subunit and most
NMDARs contain the GluN2B subunit. Within 2 weeks these receptors are replaced
with GluA2- and GluN2A- containing AMPARs and NMDARs, respectively. Recent data
suggest that a single injection of cocaine (or another drug of addiction) triggers glutamate
receptor redistribution with the reappearance of the subunits typicallypresent in immature
synapses, as if addictive drugs reopen the developmental critical period. Here we review
the experimental evidence for this hypothesis and discuss the implications for circuit
function.
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INTRODUCTION
Fast excitatory synaptic transmission in the mammalian central
nervous system (CNS) is mediated predominantly by ionotropic
glutamatereceptors ofthe AMPA-and NMDA-type.These recep-
tors are composed of different subunits that determine the bio-
physical and trafﬁcking properties of the channel. Depending on
the particular subunit composition of the ionotropic receptors
both synaptic transmission and synaptic plasticity can vary con-
siderably. The AMPA receptors (AMPARs) are the workhorses
of fast excitatory transmission in the CNS. They are tetrameric
receptor assemblies of GluA1–4 subunits, which are differently
expressed in the brain and are encoded by separate genes
(Hollmann and Heinemann, 1994; Kato et al., 2008; Traynelis
et al., 2010). The subunits that are predominantly expressed in
the CNS are the GluA1 and GluA2 subunits and the major-
ity of receptors at the synapse are heteromers incorporating
both. The GluA2 subunit is critical in determining the proper-
ties of AMPARs; the presence of an arginine (R) residue in its
pore membrane domain, introduced by post-translational edit-
ing, renders the receptor impermeable to Ca2+ (CI-AMPARs)
and therefore results in a linear current-voltage (I–V) curve that
reverses at 0mV. Conversely, when the GluA2 subunit is absent,
the receptors are Ca2+-permeable (CP-AMPARs) and the I–V
curvebecomesinwardlyrectifying becausethecurrents atpositive
potentials areinhibited byendogenouspolyamines (Donevanand
Rogawski, 1995; Liu and Zukin, 2007) and because the unitary
currentislarger.Manyreversiblepost-translationalmodiﬁcations
of both GluA1 and GluA2 subunits regulate AMPAR expression
and function; among them subunit phosphorylation as well as
palmitoylation and ubiquitination have been shown to modu-
late both biophysical properties and receptor trafﬁcking (Lu and
Roche, 2011). How this post-translational modiﬁcation affects
the trafﬁcking of AMPARs in a subunit-speciﬁc manner, and how
this determines synaptic plasticity, remains elusive.
Tight control of CP-AMPAR expression ensures that the
majority of cells in the brain contain CI-AMPARs (Shin et al.,
2005). Although the CP-AMPARs may mediate excitotoxicity
associated with different neurological disorders (Liu and Zukin,
2007)i th a sb e e ns h o w nt h a tt h e s er e c e p t o r sa l s op l a ya ni m p o r -
tant role in synaptic plasticity (Plant et al., 2006; Adesnik and
Nicoll, 2007). Moreover there are several synapses in which CP-
AMPARs are developmentally expressed, in contrast to the adult
where CP-AMPARs are mainly found on GABAegic interneurons
(Goldberg et al., 2003). Because of their characteristics, the CP-
AMPARs confer novel properties to the synapses where they are
expressed and their speciﬁc role in synaptic function as well as
synaptic plasticity is beginning to be elucidated.
NMDARs are heteromeric receptors containing GluN1 as an
obligatory subunit. GluN1 is expressed both in the neonatal as
well as the adult brain. Two other NMDARsubunits exist: GluN2
and GluN3 (Moriyoshi et al., 1991; Traynelis et al., 2010). Given
that they each can be expressed in distinct subunit isoforms
(e.g., GluN2A/2B) their combination gives rise to multiple func-
tionally distinct NMDARs (Paoletti, 2011). It has been shown
that NMDAR subunit composition is developmentally regulated;
at many synapses GluN2B is the predominant isoform during
the ﬁrst 2 postnatal weeks (Monyer et al., 1994). The GluN2A
isoform gradually increases after birth while the GluN2B and
GluN2D expression progressively decrease. This developmental
switch results in a change in the kinetics and subunit-speciﬁc
modulation of NMDAR currents. The GluN3 family can be
expressed as two isoforms (GluN3A and GluN3B) that arise
from two different genes that have different expression pro-
ﬁles. GluN3A is mainly expressed during early postnatal life and
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decreases in adulthood while GluN3B expression is low at early
stages and increases in adult animals (Henson et al., 2010). There
isaccumulatingevidencesuggesting thatNMDARsarenotastatic
component of the postsynaptic density but that their function
and expression could be regulated by activity-dependent mech-
anisms (Bellone and Nicoll, 2007). Further investigations are
now necessary for understanding the subunit-speciﬁc control of
receptor activity both during development and in neurological
disorders.
POSTNATAL MATURATION OF GLUTAMATE TRANSMISSION
During brain development, the prenatal and postnatal periods
are characterized by rapid changes in neuronal organization, thus
providing a critical period during which environmental expe-
riences can lead to long-term changes of both the brain and
behavior.Atthecellularlevelchangesinsynapticmorphologyand
receptor expression are associated with changes in different func-
tional properties that inﬂuence the synaptic transmission. While
the regulation of NMDAR composition during development has
been studied in detail in many brain regions, AMPAR subunit
regulation has been less thoroughly investigated. Compelling
evidence has shown that GluA2 content and consequently the
expressionofCP-AMPARsisdevelopmentallyregulated inprinci-
pal neurons in different systems (Pellegri et al., 1998; Rohrbough
and Spitzer, 1999; Lawrence and Trussell, 2000; Pickard et al.,
2000). The principal neurons in the cortex have been extensively
studied and it has been shown that the functional properties of
AMPARs on layer 5 pyramidal neurons change with respect to the
GluA2subunitduring early postnatal development(Kumar et al.,
2002). These results are based on the observation of a rectifying
I–V curve, Ca2+ permeability and blockade of the AMPAR-EPSC
by either intracellular or extracellular polyamines. It has been
shown that the developmental switch of GluA2 happens in layer
2/3 pyramidal cells as well as in layer 4 stellate cells. Although
the change in AMPAR subunit composition seems to be a gen-
eral property of principal neocortical neurons, the timing of the
switch is different among the layers (Brill and Huguenard, 2008).
Theswitchoccursbetween P14–P16inlayer5pyramidalneurons,
but between P12–P14 in layer 2/3 pyramidal cells and between
P7–P8inlayer4stellate cells.Interestingly thetimingoftheswitch
corresponds to their positions within the canonical neocortical
circuits rather that the ontogenetic age of the layer (Crair and
Malenka, 1995; Isaac et al., 1997). Moreover the timing of the
GluA2 switch in layer 2/3 pyramidal neurons coincides with the
critical period for the developmental plasticity in somatosensory
cortex (Stern et al., 2001). What still needs to be determined is
the role of CP-AMPARs at developmental synapses. It has been
suggested that in the neocortex the early low expression of GluA2
subunits could underlie the increased seizure susceptibility of the
immature brain (Sensi et al., 1999).
A similar developmental expression of CP-AMPARs has also
been observed at mossy ﬁber-CA3 pyramidal synapses where
they dominate the transmission up to P17. Here it has been
shown that the expression of CP-AMPARs is regulated by
the PDZ (postsynaptic density-95/Disc large/zona occludens-1)
domain-containing protein interacting with C kinase 1 (PICK1)
since PICK1 knock-out mice have a linear I–V curves and
are insensitive to Phylantotoxin 433, a speciﬁc GluA2-lacking
AMPAR blocker (Ho et al., 2007). Interestingly CP-AMPARs
are removed by depolarization-induced long-term depression
(DiLTD), a form of plasticity speciﬁcally observed only at young
synapses that relies on postsynaptic calcium inﬂux through
L-type voltage gated calcium channels and release from intra-
cellular stores (Ho et al., 2007). What was still unknown is the
physiological trigger for the developmental loss of CP-AMPARs.
Recently we have observed that at excitatory synapses onto
dopaminergic (DA) neurons in the ventral tegmental area (VTA)
the postnatal maturation of AMPARs and NMDARs develops
in parallel. Indeed during the ﬁrst week the transmission is
dominated by CP-AMPARs and GluN2B-containing NMDARs.
Subsequently metabotropic glutamate receptor 1 (mGluR1)
drives the insertion of CI-AMPARs and GluN2A-containing
NMDARs through a signaling cascade that involves phospholi-
pase C (PLC) (Bellone et al., 2011), indicating that glutamatergic
synaptic transmission in the VTA relies on the activation of these
metabotropic receptors. Recently it has been proposed that in the
hippocampus the activity-dependent GluN2B to GluN2A sub-
unit switch during development is mediated by group-I mGluRs
(Matta et al., 2011). Taken together these data suggest a com-
mon role for mGluRs in the postnatal development of excitatory
synapses. Future studies will have to address whether at the other
synapses the mechanism implicated in the AMPAR switch during
synaptic maturation is an active mechanism similar to the one in
the VTA or whether it is a passive one in which GluA2 expression
slowly increases.
The switch in the expression of the GluA2 subunit has impor-
tant functional implications since the permeability of Ca2+
through the receptors changes duringdevelopment. Interestingly,
imaging data in the VTA have suggested that synaptic calcium
entry was almost exclusively mediated by CP-AMPARs at neona-
talsynapses,despitethefactthatsubstantialNMDAR-EPSCswere
observed in simultaneous whole-cell recordings (Bellone et al.,
2011).Oneexplanationforthesedataisthattheimagingandelec-
trophysiological methods monitored distinct pools of synapses
with contrasting properties. Otherwise these results may reﬂect
the presence of NMDARs that are calcium impermeable. In fact,
ithas been shownthatcalcium-impermeableGluN3A-containing
receptors are preferentially expressed during a narrow temporal
window in postnatal development at certain synapses (Roberts
et al., 2009).
Manydevelopingsynapses havebeen describedassilent, where
the transmission is mediated by NMDARs, and become func-
tional with the insertion of AMPARs during the ﬁrst postnatal
week (Isaac, 2003). The presence of CP-AMPARs could repre-
sent another form of synaptic maturation and could have strong
implications for synaptic transmission and plasticity. Calcium
inﬂux in response to synaptic activity triggers many intracellular
signaling cascades including activity-dependent forms of synap-
tic plasticity. In order for calcium to enter the neurons through
NMDARs the membrane needs to be depolarized as Mg2+ blocks
NMDARs at rest. Conversely, CP-AMPARs can ﬂux calcium most
efﬁciently when they arehyperpolarized.Inother wordsthe activ-
ity requirements for synaptic calcium entry change radicallyonce
the cell switches from CP-AMPARs to NMDARs.
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EXPRESSION OF CP-AMPARs IN THE ADULT BRAIN
Beside principal cells during development, CP-AMPARs have
been found in naive brain mostly in interneurons and it has
been shown that they participate in novel forms of long-lasting
synaptic plasticity. Parallel ﬁber to stellate cell synapses express
GluA2-lacking AMPARs and it has been shown that repetitive
activation of these synapses produces a long-lasting switch to
GluA2-containingAMPARs.Asthis subunitisCa2+ impermeable
and shows slow channel kinetics, the switch in AMPARs could
affect the stellate cell waveform shape and modify the efﬁcacy
of inhibitory synaptic transmission between stellate and Purkinje
cells (Liu and Cull-Candy, 2000; Liu and Zukin, 2007). The pres-
ence of CP-AMPARs has also been shown in interneurons from
the amygdala.At these synapses a novel form oflong-term poten-
tiation (LTP), independent of NMDARs, has been described. The
induction of this form of plasticity was dependent on postsynap-
tic calciumandalso,whilenotdirectly proven,hasbeensuggested
to depend on Ca2+ entry through CP-AMPARs (Mahanty and
Sah, 1998). Recently Kullmann and colleagues described a novel
form of plasticity at interneurons in the stratum oriens of hip-
pocampus (Lamsa et al., 2007). This form of LTP doesn’t follow
the hebbian rules since it can be induced by a hyperpolarization
of the postsynaptic terminal in concomitance with presynap-
tic glutamate release. Therefore, this type of plasticity has been
called anti-hebbian LTP. CP-AMPARs play a major role in this
type of plasticity as was demonstrated by showing that block-
ing these receptors during the induction protocol abolished the
L T P .T h ef u n c t i o n a lr o l eo ft h i st y p eo fp l a s t i c i t yi sn o ty e t
clear. Although many forms of learning are NMDAR-dependent,
certain types of memories and learning processes occur indepen-
dently of these receptors, yet are clearly experience-dependent.
Supporting this hypothesis it has been suggested that GluA2dele-
tion in CA1 selectively impairs NMDAR-dependent learning and
that the NMDAR-independent learning requires the activation of
CP-AMPARs (Wiltgen et al., 2010). This ﬁnding strongly suggests
that CP-AMPARs play a functional role in NMDAR-independent
learning.
EXPERIENCE-DEPENDENTTRAFFICKING OF CP-AMPARs
AND NMDARs
Experience-dependent trafﬁcking of both AMPARs and
NMDARs in the CNS play an important role in many learning
processes. It has been suggested that in adult brain the NMDAR
trafﬁcking occurs at much slower rates compared to AMPARs.
This ﬁnding was supported by the relative stability of NMDARs
at the synapses in contrast to the rapid AMPAR turnover (Bredt
and Nicoll, 2003). Moreover with standard LTP protocols little
or no change in the NMDAR-mediated synaptic transmission
has been observed. In the last few years this idea has been
challenged by many lines of evidence suggesting a change in
NMDAR function as a result of different behavioral experiences.
It has been shown that while visual deprivation changes the ratio
between GluN2A/GluN2B leading to an increase in the GluN2B
expression (He et al., 2006), sleep deprivation shifts the ratio
and increases the GluN2A subunit (Kopp et al., 2006). Although
further studies are needed to investigate the mechanisms control-
ling the NMDAR subunit composition and their role in synaptic
plasticity, this dynamic regulation of NMDARs in adulthood
demonstrates that the adult brain is continuously modiﬁed by
experiences.
There is a wealth of evidence indicating AMPAR trafﬁcking at
glutamatergic synapses but only recently has it been shown that
CP-AMPARs can be trafﬁcked to the synapse after experience-
dependent plasticity in different brain regions. One very elegant
study has demonstrated that a single whisker experience protocol
in vivo can induce a pathway-speciﬁc strengthening of neocorti-
cal excitatory synapses with a delivery of Glu2A-lacking receptors
at spared but not deprived inputs. It has been hypothesized that
the presence of CP-AMPARs at layer 4 to layer 2/3 synapses may
alter the rules for plasticity facilitating an NMDAR-independent
form of plasticity (Clem and Barth, 2006). In the hippocam-
pus the insertion of CP-AMPARs following an LTP protocol is
debated; it has been observed that pairing-induced LTP resulted
in a transient incorporation of synaptic CP-AMPARs (Plant et al.,
2006; Guire et al., 2008), whereas two other reports did not see
this subunit recomposition using either pairing-induced LTP or
HFS-LTP (Adesnik and Nicoll, 2007; Gray et al., 2007). It has
been suggested that the ability of HFS to induce AMPAR subunit
reassembly may be dependent on the age of the rats (Lu et al.,
2007). What still is not clear is the importance of the transient
expression of CP-AMPARs for the LTP and it has been suggested
that these types of receptors, due to their ability to ﬂux Ca+,
mayregulatethe signalingcascadeeventsimportant forthemain-
tenance of the plasticity. Taken together these ﬁndings suggest
that experience-dependent insertion of CP-AMPARs could alter
synaptic plasticity and engage different forms of learning that are
independent of NMDARs (Tayler et al., 2011).
DRUG-DEPENDENTTRAFFICKING OF GLUTAMATE
RECEPTORS
In the mesocorticolimbic DA system, which originates from the
DA neurons of VTA that project onto the nucleus accumbens
(NAc) and prefrontal cortex (PFC), many common cellular adap-
tations have been described following drug exposure (Nestler,
2005). In particular addictive drugs, following acute and chronic
exposure, are able to leave a trace on transmission at many
synapse of the mesocorticolimbic system, a phenomenon termed
“drug-evoked synaptic plasticity” (Lüscher and Malenka, 2011).
Although many different forms of drug-evoked synaptic plastic-
ity have been described in the PFC and NAc, for the purpose of
this review we will focus on the effects of addictive drugs at the
excitatory afferents onto DA neurons of the VTA.
A day after the exposure to a single dose of addictive sub-
stance it has been shown that at least two parameters of synaptic
transmission are altered at excitatory afferents onto DA neurons
in the VTA. First the AMPA/NMDA ratio is increased (Ungless
et al., 2001). Second the current-voltage relationship of AMPAR-
E P S C si sn ol o n g e rl i n e a r ,b u ti si n w a r d l yr e c t i f y i n g( Bellone
and Lüscher, 2006). After drug treatment the rectiﬁcation index
(ratio of the chord conductance at negative over positive poten-
tial) as well as electron microscopy experiments have suggested
the presence of a fraction of AMPARs that lack the Glu2A sub-
unit (Bellone and Lüscher, 2006; Mameli et al., 2007). It is still
not clear if auxiliary subunits such as the TARPs could contribute
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to the rectiﬁcation (Soto et al., 2007) or which are the mech-
anisms that underlie the insertion of GluA2-lacking AMPARs
instead of GluA2-containing. But, regardless of the exact molecu-
lar mechanism, the appearance of rectifying AMPAR-EPSCs after
drug exposure suggested that in some synapses AMPARs are
redistributed.
How can the AMPA/NMDA ratio increase (particularly when
both components are measured at +40mV) if the inserted
AMPARs do not conduct current at positive potentials? Initial
studies indeed suggested that the NMDAR component remained
unchanged (Ungless et al., 2001). This was based on the observa-
tion that the bath application of NMDA elicited currents of sim-
ilar magnitude in rat brain slices regardless of whether they were
exposed to cocaine or saline. This approach however has the dis-
advantageofactivating extrasynaptic aswellassynapticreceptors.
Using a two-photon laser to photolyse caged glutamate we com-
paredEPSCamplitudesinslices from saline-with cocaine-treated
animals (Mameli et al., 2011). This approach not only conﬁrmed
theexistenceofrectifying unitaryAMPAR-EPSCsbutalsoshowed
that unitary NMDAR-EPSCs were signiﬁcantly smaller after the
drug treatment. While the molecular mechanisms underlying
drug-evoked plasticity of NMDAR-mediated transmission have
yet to be investigated, preliminary data from our laboratory sug-
gest that the overall reduction of the amplitude is indeed due to a
subunitswitch suchthatafterthe drugtreatment the receptors are
enhanced in GluN2B content (unpublished data). In summary,
at excitatory synapses onto DA neurons, after a single injection
of different addictive drugs, GluA2-lacking(and maybe GluN2B-
containing NMDARs)aredriven into the synapses andcontribute
to the transmission up to 5 days after the exposure (Bellone and
Lüscher, 2006; Mameli et al.,2009; Brownet al.,2010)( Figure1).
We have previously described a form of synaptic plasticity
induced by mGluR1 that is responsible for reverting drug-evoked
synaptic plasticity in the VTA (Bellone and Lüscher, 2006).
After a single cocaine injection, both pharmacological and elec-
trophysiological activation of mGluR1 drive the insertion of
GluA2-containing and the removal of GluA2-lacking AMPARs
(Mameli et al., 2007). Interestingly a similar form of plasticity has
GluA1 GluA1/2
GluN1/2B GluN1/2A
?
Neonatal 
Juvenile
       
PLC
?
mGluR1
mGluR1
= ?
mGluR1
Cocaine
Glutamate
FIGURE 1 | During the ﬁrst postnatal week (“Neonatal”), transmission is
dominated by CP-AMPARs and GluN2B-containing NMDARs.
Subsequently (“Juvenile”) mGluR1 receptors play a role in the synaptic
insertion of CI-AMPARs and GluN2A-containing NMDAR. At juvenile
synapses, a single cocaine injection exchanges CP-AMPARs for CI ones and
causes decrease in NMDAR function changing the relative contribution of
GluN2A- and GluN2B-containing NMDARs. This switch in the glutamatergic
transmission may contribute to the re-opening of a critical period seen during
the development. Cocaine-induced plasticity can then be reverted by the
activation of mGluR1.
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been described in the NAc where activation of mGluR1 reversed
the accumulation of GluA2-lacking AMPARs after cue-induced
cocaine craving (McCutcheon et al., 2011). Moreover mGluR1
mediated removal of GluA2-lacking AMPARs is also involved in
modulation of fear memory in the amygdala (Clem and Barth,
2006).
An emerging hypothesis in the ﬁeld is that in different brain
regions, mGluR1 receptors control the basal level of GluA2-
containing AMPARs and that any reduction of their function
leads to an up-regulation of GluA2-lacking AMPARs. It remains
to be determined how cocaine can alter mGluR1. We don’t know
if cocaine induces a change in the number of mGluR1 or whether
the drug interferes with the intracellular signaling pathway.
Recently we have demonstrated that in utero cocaine expo-
sure leads to a delay in the normal maturation of both AMPARs
and NMDARs (Bellone et al., 2011). Since the postnatal synap-
tic maturation of excitatory transmission onto DA neurons of
the VTA relies on the activation of mGluR1, a consequence of
in uterococaineexposure isthat asubstantialfraction ofAMPARs
in adolescent and young adult mice remains calcium permeable
while the GluN2B subunit still contributes to transmission dur-
i n gt h eﬁ r s t2m o n t h so fl i f e( Figure2). It will now be necessary
to determine the consequences of such a delay in postnatal matu-
rationofexcitatory synapses ontoDAVTAneuronsforfunctional
plasticity.
Over the last few years, the idea has emerged that changes in
the excitatory transmission onto DA VTA neurons are permis-
sive for further changes in the mesolimbic system. While a single
injection of cocaine is sufﬁcient to causes a rapid, but transient,
potentiation of excitatory inputs in the VTA, several injections
are required to induce plasticity in the NAc (Mameli et al., 2009).
Moreover in this area, CP-AMPARs appear after prolonged with-
drawal from cocaine and have been implicated in a behavioral
model of cue-triggered relapse, termed the incubation of crav-
ing (Conrad et al., 2008). Although no apparent changes in the
NMDAR expression have been seen after prolonged withdrawal
in the NAc, it has been suggested that new GluN2B-containing
silent synapses are replace by GluN2A-containing synapses after
that period (Ferrario et al., 2010). Further studies are needed
to better characterize the NMDAR-dependent trafﬁcking in the
ventral striatum both during development and after addictive
drugs.
In conclusion, both in the VTA and in the NAc, mGluR1 acti-
vation is sufﬁcient to reverse the cocaine-induced plasticity with
similar mechanisms (Bellone and Lüscher, 2006; Mameli et al.,
2007; McCutcheon et al., 2011). Therefore, we can speculate that
recruitmentofmGluR1couldfunctionasaprotective mechanism
tocounteractdrugexposureandthoseindividualswithadeﬁcient
mGluR1-dependent LTD mechanism may be particularly at risk
of addiction.
CONCLUSIONS
Manyquestionsremainunsolved.Which arethe mechanisms that
enable the synaptic incorporation and retention of CP-AMPARs
after a single cocaine injection in the VTA and after prolonged
withdrawalinthe NAc?Whatisthe signiﬁcance ofthe insertion of
CP-AMPARs and the concomitant decrease in NMDAR function
atthese synapses? Previousﬁndings in hippocampalinterneurons
expressing CP-AMPARs show that pairing of a hyperpolariz-
ing current injection with synaptic release can enhance synaptic
transmission (Lamsa et al., 2007). In the VTA, it has recently
been shown that the cocaine exposure enables the induction of a
? ?
Neonatal 
Cocaine
In Utero
PLC
Adult Juvenile
?
Neonatal 
Saline
In Utero
PLC
Adult Juvenile
PLC
mGluR1
mGluR1
FIGURE 2 | mGluR1 activation drives the postnatal maturation of
glutamatergic synapses onto DA neurons in the VTA. In particular the
activation of the metabotropic receptors drives the insertion of
GluN2A-containing NMDARs and GluA2-containing AMPARs from neonatal
(P2–6) to juvenile synapses (P14–26). The composition of glutamatergic
synapses then remains unaltered from juvenile to adult age (P > 60). In utero
cocaine exposure interfere with the mGluR1-signaling pathway delaying the
postnatal maturation of excitatory transmission at these synapses.
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similar form of anti-hebbian plasticity that also relies on calcium
entrance from CP-AMPARs and is independent on NMDARs. In
contrast, in drug naïve or saline-treated mice, where the trans-
mission is mediated by CI-AMPARs, the LTP induction follows
hebbian rules, i.e., LTP is induced by concomitant glutamate
release and postsynaptic depolarization. It has therefore been
suggested that the exchange of GluA2-containing AMPARs for
Glu2A-lacking ones and a decrease in NMDAR function is suf-
ﬁcient to invert the rules of plasticity induction (Mameli et al.,
2011). Therefore, the drug-evoked plasticity in the VTA is merely
permissive foraspeciﬁc formofactivity-dependent synaptic plas-
ticity. Future studies will have to address whether anti-hebbian
plasticity can occur in vivo, for example during a hyperpolariza-
tion of DA neurons when upstream GABA neurons are strongly
activated. It is important to underline that the drug-related adap-
tations here described may represent an aberrant form of plastic-
ity that drives long-term adaptations in the downstream reward
circuit.
Conversely, during early development this form of plasticity
may be the default and enhance special forms of learning. It is
conceivable that during development DA neurons do not need to
discriminate among the inputs they receive and it is only with the
time that they learn to differentiate by strengthening certain con-
nections. The CP-AMPARs and the plasticity they are associated
with could be important for this type of learning. The capac-
ity to discriminate among different stimuli is important in order
to select the most valuable reward during the decision-making
process. It has been well described in adult brain that DA VTA
neurons respondto neutral,aversiveandexplicit non-rewardpre-
dicting stimuli in a similar manner (Schultz, 2011). We could
speculate that during the development, since the brain has not
been yet exposed to different stimuli, the DA neurons are prone
to generalization and discriminate poorly. Subsequently with
advanced development various stimuli will acquire a valence and
therefore the DA VTA neurons will be activated only by salient
stimuli. Drug of abuse enhanced generalized dopamine activa-
tion, resulting in decreased reward discrimination. In this context
after drug exposure, neutral or aversive stimuli would lead to
stronger phasic striatal dopamine changes and would increase
dopamine-dependent postsynaptic responsiveness and plasticity.
When we give cocaine at an adult age, the drugs re-open a critical
period previously seen during development and induce a switch
in the AMPAR subunits composition with an insertion of CP-
AMPARs. We can speculate that this switch could contribute to
there-programmingoftheDAsystem resultinginreducedreward
discrimination.
While we are only beginning to understand the repercussions
of drug-evoked receptor redistribution, the striking resemblance
with the processes occurring during early postnatal development
brings a new, exciting perspective that may help us to understand
both normal development and the development of addiction.
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